Cu was deposited from pure copper sulphate electrolytes with different Cu 2ϩ concentrations under superimposition of vertical magnetic fields up to 13 T. Different orientations of the magnetic field to the electrode surface were investigated. If the magnetic field is oriented parallel to the electrode surface, a significant increase of the current density starts after exceeding a threshold. This depends on the Cu 2ϩ concentration. The deposition behavior is mainly attributed to the forced convection generated by the Lorentz force. Other magnetically induced forces are negligible. In a magnetic field oriented perpendicular to the electrode surface the change of current density starts with a decrease or with oscillations followed by a strong increase at fields higher than 2 T. The behavior at low fields is determined by the Lorentz force generating a rotating flow at the edge of the electrode. At higher magnetic fields the paramagnetic force induces an additional driving force. As a result, at high magnetic fields the increase of current density is higher in the case of the perpendicular field to surface configuration than in the parallel field. The effect of microvortexes on the forced convection is discussed. Magnetic field effects on electrochemical processes, especially on mass-controlled steps and on the morphology of deposits, are well known, extensively investigated, and reviewed in detail by Fahidy 1,2 and by Taken et al. 3 Until now, the magnetic field effect on kinetic processes of a deposition are contrarily discussed. The main studies were carried out in uniform magnetic fields up to 1 T and in magnetic fields parallel oriented to the electrode surface. Compared to the high number of publications focussed on such studies, much less is published on the effect of high magnetic fields and for magnetic fields aligned perpendicular to the electrode surface. If the diffusion of the metal ions is the rate-determining step of the electrochemical deposition, the flux of the ions is enhanced in an external magnetic field due to the Lorentz force
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where j ៝ is the local flux of the ions and B ជ is the applied magnetic field. This force generates a tangential flow in the bulk solution and decreases the diffusion layer thickness, resulting in an increase in the limiting current density. This effect is also known as magnetohydrodynamic ͑MHD͒ effect.
The electrokinetic force
where d is the charge density in the diffuse layer, ␦ 0 is the thickness of the diffusion layer, and E ជ II is a nonelectrostatic field parallel to the electrode surface, is related with the Lorentz force and affects also the motion of ions in the diffusion layer. Olivier et al. 4 have shown that this force requires a tangential electric field, which can be generated either directly by a nonequal potential electrode or by applying a magnetic field parallel to the electrode. Under the influence of a nonelectrostatic field this force is in the same order of magnitude as the Lorentz force but acts only very close to the surface in the diffusion layer. The effect of the Lorentz force can be diminished by a high kinematic viscosity. Recent studies of Aogaki 5, 6 have shown, that some macro-MHD effects are based on micro-MHD effects. Macroscopic convection is induced by microvortexes generated at the surface of the electrode not only when the magnetic field is parallel to the electrode, but also when the magnetic field is aligned perpendicular to the surface. It has been theoretically concluded that a vertical magnetic field perpendicular to the surface generates asymmetrical and symmetrical fluctuations. 7 Investigations on microelectrodes at high magnetic fields oriented parallel as well as perpendicular to the electrode are discussed by Ragsdale et al. 8 and Grant et al. 9 The change in the limiting current density depends strongly on the dimension of the electrode and is also due to the Lorentz force. A transition from planar to radial diffusion of the ions takes place with decreasing dimension of the microelectrodes.
Besides the convection generated by the Lorentz force in the macroscopic as well as in the microscopic scale, other magnetically induced forces should have an influence on the electrochemical process especially at high fields. The field gradient force (F ជ B ) as well as the paramagnetic gradient force (F ជ P ) are given as
where m is the molar magnetic susceptibility, 0 is the magnetic permeability, and c is the concentration of the metal ions. These forces are based on a magnetic energy gradient and the interaction of the magnetic field with the magnetic properties of the electrolyte.
The field gradient force plays only a role in nonuniform magnetic fields. Nonuniform magnetic fields can be external fields, but likewise local internally induced magnetic fields caused by the magnetic properties of the electrodes 14 or by gradients of the magnetic susceptibilities themself. 15 The paramagnetic force acts in a uniform magnetic field in the depletion layer due to gradients of concentration and gradients of the magnetic volume susceptibility, respectively, and creates a gradient of the local energy density. Both forces are directed along the same axis as the diffusion. It was discussed by Coey and Hinds et al. [10] [11] [12] [13] that they are some orders of magnitude lower than the diffusion force in a field of 1 T. Hence, an effect on the current density should be negligible.
In this paper, we present results of investigations performed under high magnetic fields up to 13 T. The effects on the deposition behavior of Cu are discussed. Different field to electrode orientations have been investigated and are discussed with respect to magnetically induced forces acting on the electrochemical system.
Experimental
The experiments were carried out in the facilities of the Grenoble High Magnetic Field Laboratory. A bore magnet with a diameter of 130 mm provided a magnetic field up to 13 T, which was oriented vertically upwards ͑normal͒ or downwards ͑inverse͒ and linearly increased with a rate of 10 mT/s and decreased with a rate of 50 mT/s. The magnetic field was uniform across the geometry of the electrochemical cell. Different configurations of the magnetic field to the electric field and to the electrode surface have been investigated, which are summarized in Fig. 1 . The deposition of Cu was carried out at room temperature on Cu disks with areas of 1 or 0.2 cm 2 embedded in epoxy resin and previously ground with paper grade 1000 prior to the experiment to ensure the same surface conditions for all experiments. No effect of the electrode size on the results was found. A platinium electrode with an area much larger than that of the working electrode ͑WE͒, acting as a counter electrode ͑CE͒, was placed vertically in the electrochemical cell with an electrolyte volume of 200 mL. Cu was deposited from the pure sulfate electrolyte with three different Cu 2ϩ concentrations of 0.009, 0.038, and 0.078 M. To improve the conductivity, 0.19 M Na 2 SO 4 was added to the electrolyte and the pH was adjusted to pH 3 with the addition of sulfuric acid. The deposition of Cu was performed at the constant potential of E ϭ Ϫ700 mV vs. the Hg/Hg 2 SO 4 (ϩ674 m V SHE ) reference electrode ͑RE͒. The potential was chosen from current density potential curves recorded in previous studies. This ensures the exclusion of hydrogen reduction and a current efficiency of 100% during the deposition. The magnetic field was switched on after 10 min polarization at constant potential to obtain a limiting current density as starting value without magnetic field. The driving force for migration on electroactive species is negligible and the movement of the ions is uniform. An orientated motion of ions exists only close to the electrode surface, i.e., in the depletion layer. In the following section the cathodic current density is discussed in terms of absolute values. 
Results and Discussion
Magnetic field parallel to the electrode surface.- Figure 2 and 3 exhibit the change of the limiting current density and the relative change of the limiting current density in dependence on the applied magnetic field and on the Cu 2ϩ concentration. As seen in the magnified parts of the Fig. 2 and 3 , for the normal as well as for the inverse alignment of the magnetic field, a significant effect of the magnetic field on the limiting current density could not be observed below 100 mT. Besides that, the starting point for the increase of the limiting current density depends on the concentration of Cu 2ϩ in the electrolyte. The higher the concentration is, the lower is the required field to affect the limiting current density. For the lowest Cu 2ϩ concentration more than 200 mT must be applied to increase the limiting current density. But this behavior changes at magnetic fields higher than 4 T. At the highest concentration, the relative change of the limiting current density becomes lower in comparison to the change at lower concentrations. Figure 4 reveals that the dependence reported by Eq. 5 is only true at low concentrations and magnetic fields higher than 200 mT
͓5͔
This equation, which is based on the hydrodynamic relation of Navier-Stokes was applied on MHD effects during electrodeposition by Aogaki 16 and upgraded by Chopart et al. 17, 18 For vertical electrodes and vertically applied magnetic fields, the effect of the magnetic field on the limiting current density depends on the Cu 2ϩ concentration, but it is nearly independent on the orientation of the magnetic field, if it is normally or inversely aligned. Due to the mass-controlled deposition of Cu, the diffusion layer thickness can be reduced by any kind of convection. Figure 5 demonstrates the expected effect of driving forces acting in the electrolyte and on the deposition process. The concentration of Cu 2ϩ is slightly higher at the bottom than at the top of the electrochemical cell due to gravitation. This concentration gradient yields a natural convection in the vicinity of the electrode and a weak upward flow of ions is expected to compensate the depletion on the electrode surface. For the chosen cell geometry this gravitational force should be in the order of only some N/m 3 . Perpendicular to this induced vertical flow of ions, the Lorentz force generates an additional horizontal bulk convection tangential to the electrode. The only difference between the two alignments of the magnetic field, normal and inverse, is that the direction of the forced convection changes being clockwise or counter-clockwise, respectively, seen from the top of the cell. From the results, it can be concluded that the Lorentz force has to exceed a threshold, below which no effect on the limiting current density is observed. When the gravitational force is higher than the Lorentz force, only the natural convection determines the limiting current density and no change of the limiting current density is observed. After exceeding a critical magnetic field at a given concentration, a rise of the current density starts. As calculated from the experimental results, the required threshold of the Lorentz force is in the range of 2-4 N/m 3 . The Lorentz forces in dependence on the magnetic field and on the concentration are summarized in Table I . The rise of the limiting current density at high fields becomes lower, especially at high concentration, although the Lorentz forces increase strongly ͑Fig. 2, 3, and 4͒. At the highest Cu 2ϩ -concentration, almost no further increase could be observed. The system seems to be damped and passes into an equilibrium even though an opposite effect was expected. It was shown by Coey et al. 11 that a transition from a laminar to a turbulent flow near the electrode is induced, if the Lorentz force exceeds 950 N/m 3 . Such turbulences should improve the convection and, therefore, the limiting current density. The experimental results under the chosen conditions are diametrical. For this reason, an overlapping of different convective contributions due to other magnetically induced forces has to be discussed and will be highlighted below. An effect of the field gradient force is excluded, because the magnetic field is homogeneous across the volume of the cell. In contrast, the paramagnetic force could be discussed, because a vertical concentration gradient caused by natural convection leads to a small gradient of the volume magnetic susceptibility. This driving force should act in the same direction as the concentration gradient and enforce the natural convection. It is independent of the direction of B due to B 2 in Eq. 4. With increasing field strength this contribution should rise. But due to the low concentration gradient in the electrolyte, this force at 10 T is only 2-3 N/m 3 . Thus, it is on the same order of magnitude as the gravitational force and, in comparison to the Lorentz force, is negligible. Additional opposite effects are supposed at higher fields and concentrations, as the increase of kinematic viscosity, eff eff ϭ const ͑ Bd͒ Damping effects of viscosity were also observed by Ragsdale et al. 8 Fahidy 1 summarized results of investigations concerning diffusivity and viscosity and concluded that experimental findings cannot be explained by a simple theory of electromagnetism. In water, an increase of viscosity of 0.06% at 0.5 T to 0.27% at 1.2 T was measured. The kinematic viscosity increases in the presence of magnetic fields for viscous liquid. 20 But only the component of the magnetic field parallel to gravimetric force should be effective. On the other hand, at high fields a damping force has to be taken into account
where is the velocity of the ions and is the conductivity. This force could induce a flow in opposite direction to the Lorentz force, especially at high fields. But this force was calculated for the highest Cu 2ϩ concentration to be 20 N/m 3 at 10 T, i.e., two orders of magnitude lower than the Lorentz force. For this reason, the damping force will not contribute remarkably to the reduced increase of the limiting current density. Besides that, it must be proven by additional experiments, to what extent the deposition is still controlled by diffusion. If the charge transfer becomes the rate-determining step, a higher convection excited by higher fields will not change the current density any more.
The fast backward scan yields a continuous decrease of current density also in the range of 1 T to 0 T ͑as is seen in Fig. 7͒ and ends mostly at slightly higher current densities. Interestingly, the slope in the range of 0-2 T is the same for all field configurations, if it is parallel or perpendicular oriented to the surface. That means, that convective effects are stabilized at high fields and they are probably from the same origin.
In summary, in an electrochemical cell with vertical electrodes and a vertical magnetic field two bulk forces, the gravitational force and the Lorentz force generate convection. Both forces yield a tangential flow perpendicular to each other. After exceeding a threshold, the Lorentz force dominates the deposition behavior. Other magnetically induced forces are negligible. At high fields the system is damped but the reason is still an open question.
Magnetic field perpendicular to the electrode surface.- Figure 6 shows the results for the three different Cu 2ϩ concentrations, whereby the electrode is faced down and the magnetic field has the normal alignment. Magnetic fields Ͻ0.3 T yield no remarkable change of the limiting current density. With increasing field, a reduction of the current density is observed, which is more pronounced at higher concentration and is about 25% of the starting limiting current density. The decrease is followed by a strong rise and the slope increases with increasing concentration. For the highest concentration, a jump to higher values is observed. Consecutively, with increasing magnetic field the slope of the relative change of limiting current density becomes lower for higher concentrations, which is similar to the observation at the vertical electrode and vertical field. But the absolute as well as the relative change of the limiting current density are higher compared to the results of the classical parallel field to surface configuration. This is presented in the backward scans summarized for all configurations in Fig. 7 . Another similarity is also observed for the backward scan. The current density decreases with decreasing magnetic field down to 0 T as discussed before and ends at higher current densities.
It is obvious that the results are not primarily due to the Lorentz force, because current and magnetic field are parallel arranged. The gravitational field is also parallel oriented to the movement of ions during the deposition process. Only one concentration gradient exists in the system, which can be divided in two parts. One is determined by the gravitation and the other by the deposition process itself. Gravitation leads to a low gradient in the bulk solution resulting in natural convection, whereas the deposition process itself yields a high gradient in the diffusion layer, outlined in Fig. 8 . Without magnetic field the system is in equilibrium and the current density is constant. After switching on the magnetic field, a decrease of the current density is observed at low fields. Grant et al. 8 and Ragsdale et al. 9 reported that the Lorentz force generates a rotating flow near the surface of a disk-shaped microelectrode. This rotating flow does not bring fresh solution to the electrode surface and could lead to a fast consumption of the Cu 2ϩ in the depletion layer. The natural convection is not high enough to compensate for the deple- tion of ions. Therefore, an enhancement of limiting current density is not measured. In macroscopic electrodes, as in our experimental setup, a rotating flow is expected at the edge of the electrode due to nonparallel electric field lines. This effect might contribute to the decreasing effect on the limiting current density at low fields. At high fields, this rotating flow increases and might act like a rotating disk electrode and should improve the limiting current density. But the strong rise at fields of about 1.5 T requires another explanation.
The magnetic field can lead to an improved transport of the paramagnetic species to balance the gradient of magnetic volume susceptibility. The gradient of concentration and of volume magnetic susceptibility, respectively, in the depletion layer ͑electrochemical double layer and diffusion layer͒ is not linear and the drop of the concentration close to the surface is much higher in the electrochemical double layer than in the diffusion layer. The thickness of the double layer is between 1 and 10 nm. Because of the high concentration gradient, also a high magnetic energy gradient should be expected. In Table II the paramagnetic driving force was estimated by linear approximation of dc/d␦ ͑␦ is the thickness of the diffusion layer͒ and dc/dx, with x ϭ 10 nm, taking into account, that the highest potential drop is in the electrochemical double layer. On that condition, close to the surface a high paramagnetic driving force acts on the species. But it has to be pointed out that the driving force for diffusion is in the order of about 10 10 N/m 3 and still higher than the estimated paramagnetic force. Because of the lack of numerical calculations of the concentration profile, it is only possible to assume that, if a critical magnetic field is exceeded, this force overlaps with the driving force of diffusion and induces a convective flow of Cu 2ϩ perpendicular to the electrode in a very small distance in front of the surface. This behavior would be one explanation for the jump of the limiting current density at about 2 T and the further increase of the current density at high fields. At low fields this type of force should not be high enough to enhance the motion of the ions. Another contribution must be taken into account. Aogaki 7 deviates from theoretical calculations a vortex flow directly at the surface. He claims that the microvortex flow initiates a macroscopic convection. Fluctuations in the current density, which were very often observed at high magnetic field, might be a result of the vortex flow. Also, in this configuration, the rise of the limiting current density becomes lower at higher magnetic fields. To which extend the rotating flow and/or vortex can minimize the increase of current density at high fields for high concentration is not clear, yet. The damping force, as it was discussed for the vertical field and vertical electrodes, is less probable because the movement of the ions and the magnetic field is oriented in the same direction. Therefore, the lower rise of limiting current density at high fields in a uniform magnetic field is still an open question. Figure 9 shows the results for a similar electrode-to-magneticfield orientation. But the electrode is faced upward and the magnetic field is inversely aligned. Some differences are observed compared to the results presented in Fig. 6 for the downward faced electrode. At low magnetic fields an oscillating behavior of the current density is detected compared to the decrease followed by a strong increase of the limiting current density. The rise of the current density starts also in dependence on the concentration, as seen in the inside part of Fig. 9 , and the slope increases with increasing concentration. For this configuration all three driving components, i.e., the gravitation, the magnetic field, and the flux of the ions in the electric field act downwards. The concentration profile is schematically drawn in Fig.  10 . Compared to the concentration profile shown above, two concentration gradients as well as gradients of the volume magnetic susceptibility exist, i.e., a small gradient in the bulk electrolyte due to gravitation and a very high gradient in the diffusion layer due to the deposition. The effect discussed before, namely that a rotating flow at the edge of the electrode caused by the Lorentz force removes Cu 2ϩ from the electrode and the limiting current density is weakened, disappears because the gravitation as well as the expected paramagnetic force are rectified and compensate this depletion already at low magnetic fields. As seen in Table III , the maximum Lorentz force which could act in a classical perpendicular orientation of the electric field to the magnetic field is lower than the estimated forces induced by the paramagnetic gradient. Neverthe- less, it must be verified whether this force can considerably affect the limiting current density at higher fields. Just as for the configuration discussed above, the effect and the contribution of the vortex flow has to be taken into account. The backward scans in Fig. 7 and 9 reveal that the maximum increase is lower than for the configuration with the downward faced electrode, but higher than for the classical configuration. Besides this, the final limiting current density at 0 T is lower than at the beginning of the experiment. This is opposite to the results for the configuration discussed before. For the lowest concentration, the thickness of the diffusion layer was calculated from the current density-time transient. It is shown in Table III , the diffusion layer decreases with increasing magnetic field, as expected. This is a clear hint that magnetically induced forces generate convection, whereas it leaves open which kind of force dominates the effect.
Conclusion
Cu was deposited from pure copper sulfate electrolytes with different Cu 2ϩ concentrations under superimposition of vertical magnetic fields up to 13 T. Different magnetic field to electric field and electrode orientations were investigated.
Magnetic field parallel to the electrode surface.-A significant increase of the current density was not observed below 100 mT. The rise starts depending on the concentration of the electrolyte. The change in current density is mainly attributed to the forced convection generated by the Lorentz force. This force creates a tangential flow in front of the electrode, which is perpendicular to the gravitational convection. After exceeding a threshold, the Lorentz force dominates the deposition behavior. Other magnetically induced forces are negligible. For high fields and high concentrations the system is damped, but the reason is still unclear.
Magnetic field perpendicular to the electrode surface.-Up to 2 T the current density decreases in the case of a downward faced electrode or shows an oscillating behavior in the case of the upward faced electrode, followed by a strong increase at fields higher than 2 T. At fields higher than 5 T the increase of current density is damped but always higher than in the classical parallel configuration.
For low magnetic fields, the decreasing or oscillating behavior of the limiting current density could be determined by the Lorentz force generating a rotating flow at the edge of the electrode, which leads to a depletion of ions. At higher magnetic fields, the interaction of the external field with the magnetic properties of the ions induces an additional driving force in front of the electrode, the paramagnetic force. As a result, the increase of current density is higher in comparison to the parallel field to surface configuration. 
